. The SV2 suggests that SVOP may be the evolutionary precursor monoclonal antibody proved extremely useful, revealing of SV2s, and that SV2s are an evolutionarily late acquisithat SV2 is a component of all synaptic vesicles in all tion that is specific for vertebrates. vertebrates and is additionally found on neuroendocrine
Introduction 8 that is highly glycosylated in SV2s. Interestingly, no SV2 homologs have been identified in an invertebrate, SV2 was originally identified in a monoclonal antibody such as Drosophila or C. elegans, while SVOP is highly screen for synaptic vesicle proteins in the electric ray conserved in these organisms (Janz et al., 1998) . This Discopyge ommata (Buckley and Kelly, 1985) . The SV2 suggests that SVOP may be the evolutionary precursor monoclonal antibody proved extremely useful, revealing of SV2s, and that SV2s are an evolutionarily late acquisithat SV2 is a component of all synaptic vesicles in all tion that is specific for vertebrates. vertebrates and is additionally found on neuroendocrine
The functions of SV2s and of the more distantly related secretory granules (Lowe et al., 1988) . Based on these SVOP have remained elusive despite a large amount of properties, SV2 became one of the most frequently emeffort. The first, and currently only, clue to their potential ployed markers for synaptic vesicles and endocrine activities was provided by the finding that all SV2s are granules. Molecular cloning showed that vertebrates homologous to a group of proteins involved in facilitated contain three distinct SV2 genes which encode highly transport in eukaryotes and bacteria ( Possibly a difference in the recycling and the mechanical stability of vertebrate synaptic vesicles compared with invertebrates might require such a function. Alternatively, the relatively long N-terminal sequences and the conserved cytoplasmic loop between TMRs 6 and 7 might interact with as yet unknown cytoplasmic proteins, or bind small molecules during synaptic vesicle exo-and endocytosis. For example, the N-terminal region of SV2A has been shown to bind to synaptotagmin I in vitro (Schivell et al., 1996) . Finally, the conservation of the TMRs is not necessarily an indication of a role as a transporter. The TMRs could also form an intramembranous scaffold that stabilizes the curvature of synaptic vesicles or mediate an as yet unidentified process during synaptic vesicle fusion or budding. It is surprising that despite considerable effort, expression strategies or biochemical studies have been unable to give an indication of what SV2s may be doing in the nerve terminal or in neuroendocrine cells. To address this problem, we have therefore taken a different approach. In a long-term project, we are interested in defining the functions of synaptic vesicle proteins during exo-and endocytosis (Fernandez-Chacon and Sü dhof, 1999). Since most of the vesicle components are transmembrane proteins that function in trafficking, defining their roles in a mature nervous system requires a genetic analysis to complement the biochemical and cell biolog- for an in vivo function of this enigmatic family of synaptic vesicle proteins. substrates SV2s and SVOP might transport. Initially, it was thought that SV2A may be a neurotransmitter transResults porter (Feany et al., 1992) . However, its presence in nerve terminals with distinct neurotransmitter specificity Structure of the Murine SV2 Genes To study the exon-intron structure of the SV2 genes and dispelled this idea (Bajjalieh et al., 1994). Analysis of the sequences of the TMRs of SV2s and SVOP identified a to obtain genomic DNA for subsequent construction of knockout vectors, we screened a murine genomic pair of conserved negatively charged residues in the first TMR of these proteins (Janz et al., 1998; Janz and library from the SV129 mouse strain with probes from the 5Ј ends of the SV2A and SV2B cDNAs. Analysis of Sü dhof, 1999). The two negatively charged residues are spaced three residues apart, placing them on the same multiple clones isolated in this screen revealed that exons encoding the entire SV2A protein were present on face of an ␣-helix. The presence of charged residues in the middle of TMR1 and of multiple conserved glycine a single clone, suggesting that this gene is relatively small. Clones from the SV2B gene, by contrast, conand proline residues in other TMRs support the notion that SV2s are transporters, and suggest that they transtained only the 5Ј end of the coding region. We sequenced the region of the clone containing the entire port a positively charged substrate.
Although the homology of SV2s to transporters and SV2A coding sequence (approximately 12 kb), and part of the SV2B genomic clone that includes the 5Ј exon. their pattern of conservation suggests a transport function, no such activity could be demonstrated with either
The resulting sequences showed that the coding region for SV2A is distributed over 12 exons in the murine geexpressed or purified SV2 proteins. Indeed, functions other than transport activities are equally possible; furnome, covering ‫21ف‬ kb of genomic DNA. Sequences from the SV2B genomic clones, however, identified only thermore, SV2s could potentially have multiple functions. The large intravesicular loop of SV2s that is highly the first coding exon of the SV2B gene whose structure corresponds precisely to the first coding exon of the glycosylated gave rise to the idea that the resulting permanent intravesicular charges carried by the attached SV2A gene.
The availability of a gene structure for SV2A allowed 2C and 2D). The results show that the protein bands us to map the location of the introns in the domain corresponding to SV2A and SV2B show a clear reduction structure of the protein (Figure 1) . The results showed in the heterozygous animals and are absent in the rethat there is no obvious pattern of intron placements; spective homozygous mutant animals, whereas the conintrons were found in all positions of the structure, withtrol proteins are unchanged. These data demonstrate out preferential locations in the cytoplasmic or intravesicthat the targeted inactivation of the SV2A and SV2B ular sequences or in the TMRs. Interestingly, the large genes leads to removal of the protein as predicted from cytoplasmic loop between TMR 6 and 7 and the large the design of the knockout vector. intravesicular loop between TMR 7 and 8 are encoded by several exons each (Figure 1 ). Since both loops are Properties of SV2A and SV2B Knockout Mice absent from the evolutionarily older transporters to Although both the SV2A and the SV2B knockout mice which SV2s are homologous and are also not present in were born in the expected Mendelian ratios, they experithe SVOP sequence (Janz and Sü dhof, 1998), a possible enced very different postnatal histories. The SV2B-defihypothesis might have been that they were created by cient mice displayed no apparent morbidity or premasingle exon insertions. The gene structure suggests that ture mortality, were fertile and fully capable of caring this is not the case.
for their offspring, and seemed to suffer no negative consequences from the absence of SV2B. The SV2A-Generation of Mutant Mice Lacking SV2A or SV2B deficient mice, by contrast, exhibited a very strong pheThe genomic clones were used to construct targeting notype. A large proportion of the homozygous SV2A vectors for SV2A and SV2B (Figure 2 ). The vectors conmutant mice died immediately after birth, while those tained a neomycin resistance gene cassette under conthat survived started to experience frequent seizures in trol of the DNA polymerase II promoter for positive selecthe second and third postnatal week and died soon tion and two copies of the thymidine kinase gene from afterward. herpes simplex virus for negative selection. The design of To quantitate the phenotype of the SV2A-deficient the targeting vectors was such that homologous recombimice, we mated pairs of heterozygous mutant mice and nation in the SV2A gene deletes exons 2-9 which encode monitored the resulting offspring (115 total) for 25 days the majority of the protein (residues 208-559), including starting at birth. The experiment was conducted blindly the large cytoplasmic and intravesicular loops and 5 of since the genotype of the mice was only determined the 12 TMRs (Figure 1 ). Homologous recombination in after the study was finished. All dead pups were colthe SV2B gene removes only exon 1 (containing amino lected, and all mice could be accounted for at the end acids 1-149) which, however, encodes not only the N of the experiment. The results of the experiment were terminus but also the first two TMRs. Thus, according then plotted as a function of genotype and postnatal to their design, homologous recombination directed by age ( Figure 3 ). both targeting vectors should result in a null mutant.
The data reveal that the SV2A gene is essential for Embryonic stem (ES) cells were transfected with the survival since no mutant mice survived. The mice died linearized targeting vectors and subjected to positive in two phases ( Figure 3A ): 50% of the homozygous and and negative selection as described (McMahon et al., 10% of the heterozygous mutant animals died in the 1996; Schlü ter et al., 1999). Double resistant clones were first few days after birth; those SV2A-deficient mice that analyzed for homologous recombination by Southern survived the first postnatal week also survived the folblotting with probe P for SV2A (Figure 2A ), or by polymerlowing week, but then died between postnatal days 16 ase chain reaction (PCR) using primers B3 and N for and 21. All of the homozygous mutant mice died, but SV2B ( Figure 2B ). ES cells carrying homologously renone of the wild-type and heterozygous animals died combined SV2A or SV2B genes were then used to generafter the first postnatal week ( Figure 3A) . We have not ate mice by blastocyst injections (Schlü ter et al., 1999).
found a single SV2A homozygous mutant animal that The initially derived chimeric mice were bred with survived beyond 23 days of age out of more than 500 C57Bl6 mice, and the resulting offspring with germ line animals genotyped, suggesting that the SV2A mutation transmission were mated with mice containing the same is lethal. hybrid SV129/C57Bl6 background. All analyses deObservation of the SV2A-deficient mice that survive scribed below were obtained on littermates of interthe first week showed that they experience severe sponbreedings with the same hybrid backgrounds to control taneous seizures starting in the second postnatal week. for nonspecific strain effects.
Although we and others have observed seizure activity To ensure that the deletions introduced into the SV2A in a number of knockout mice, for example the synapsin and SV2B genes by homologous recombination in fact knockouts (Rosahl et al., 1995) , the seizures observed abolished protein expression, we mated mice heterozyin the SV2A-deficient mice are strikingly different: they gous for either the SV2A or the SV2B mutation and anaare longer lasting, stronger, and more debilitating than lyzed the newborn offspring. In both cases, homozygous we have observed in any other mouse line. This sugmutant mice were present in the litter at the predicted gested that the seizure activity may be related to the Mendelian frequency, suggesting that the SV2A and the mortality of these mice. Indeed, when we compared the SV2B mutations do not result in embryonic lethality. We seizure incidence, weight, and mortality of the SV2A then analyzed the brains from newborn wildtype (ϩ/ϩ), mutant mice as a function of age, we found that the heterozygous (ϩ/-), and homozygous mutant SV2A or seizures begin in the second postnatal week and in-SV2B animals (-/-) by immunoblotting. SV2A and SV2B creased in severity and frequency thereafter ( Figure 3B ). were detected with specific antibodies, and synaptotagmin I and rab3 were used as positive controls (Figures The weight of the mutant mice is indistinguishable from . To test this, we generated double knockout mice using standard breeding strategies. viving the first week, seizures begin to develop first, then weight loss follows, and finally death. It thus seems
Since it was possible that the SV2A and SV2B genes are linked in the genome, it was not predictable if such likely that these mice die because their high seizure incidence prevents them from feeding and drinking double knockout mice could in fact be obtained. However, interbreeding readily resulted in the generation of properly.
shown). These animals are viable and fertile, survive until at least 2.5 years of age, and exhibit no obvious phenotype. Analysis of the offspring of matings between the SV2A heterozygous/SV2B homozygous mutant mice revealed that at birth, double SV2A/SV2B homozygous mutant mice were present in the litter in the expected Mendelian ratio. This result indicates that the double mutation also does not lead to embryonic lethality (data not shown). However, approximately half of the double knockout mice died in the first few days after birth. The surviving mice were subject to severe seizures starting with the second postnatal week, and died within the following 2 weeks similar to the SV2A-deficient mice. Therefore, in terms of morbidity and mortality, the SV2A/ SV2B double knockout mice have a phenotype that is similar to that of the SV2A single knockout (see Figure  3 ). This suggests that the SV2B knockout does not aggravate the survival phenotype of the SV2A deletion.
Structure and Composition of the Brains of SV2 Knockout Mice
We next examined the brains of SV2 knockout mice to detect developmental changes or alterations in their composition. This experiment was motivated by the idea that developmental malformations could cause seizures, as observed in many human disorders. However, when we studied the overall structure of the mutant brains using Nissl-stained frozen sections, we discovered no abnormalities. As shown in Figure 4 on the example of the hippocampus of wild-type and SV2A-deficient mice, there were no structural changes, developmental aberrations, or differences in the formation of characteristic brain areas. Examination of sections from animals at various ages (postnatal days 1, 14, and 20) also failed to uncover significant anatomical changes in the mutant SV2A animals compared with wild-type littermates. Therefore, the deletion of SV2A does not lead to developmental changes in brain structure that could explain the seizures and lethality. Similar results were obtained for the SV2B-deficient mice and for the double knockout mice (data not shown).
SV2 proteins are abundant components of synaptic vesicles, suggesting that a synaptic dysfunction causes the phenotype in these mice. To search for possible changes in the abundance or composition of synapses, we analyzed the levels of selected synaptic proteins in (Table 1) . No significant changes were detected in any total) was followed from birth over a period of 25 days. Dead pups protein, in particular not in synaptotagmin I, which has were collected twice a day. The rate of survival of the different been proposed to bind selectively to SV2A but not SV2B genotypes was plotted against age. (Schivell et al., 1996) . SV2C, the third SV2 isoform that tive measure of synaptic vesicle abundance (Rosahl et al., 1995) , these results suggest that not only the overall mice that were homozygous for the SV2B mutation and architecture and the composition of the SV2A/SV2B heterozygous for the SV2A mutation, and that exhibited double knockout brains is relatively normal, but also that the synaptic vesicle abundance is not grossly changed. no apparent increase in morbidity or mortality (data not appeared to be unchanged in the mutant, as was the difference depends on the interval between the first and second stimulus, we measured the relative responses of neurons to two pulses (paired pulses) with different interstimulus intervals (Figure 7) . The plasticity of the second response to a pair of closely spaced stimuli occurs as a result of the Ca 2ϩ -influx during the first pulse. At all intervals tested, the SV2A/SV2B double knockout exhibited a stronger paired-pulse response than the single SV2B knockouts, suggesting that there is a general change in this calcium-dependent form of short-term synaptic plasticity. However, at least for the stimulation frequencies tested, only EPSCs exhibited the change in able overall decrease in release per initial stimulus; however, the range of signals was so large that an accurate estimate was not possible with this method (data not shown). To test directly whether SV2-deficient neurons The difference between the SV2A/SV2B-double knockout neurons and the single knockout or wild-type neurons exhibit reduced initial release probability, we evaluated the relative release probability in cultured SV2B-defiduring repetitive stimulation was already apparent in the second stimulus ( Figure 6C ). To investigate if this cient neurons and SV2A/SV2B-deficient neurons using SV2s altogether ( Figure 8B ). In control experiments in which we decreased release probability by lowering the extracellular Ca 2ϩ concentration, the rate of blockade was decreased accordingly, confirming that the MK-801 method worked in principle (data not shown). Thus there is not a major difference in the initial release probability between the two genotypes, suggesting that the changes in the Ca Figure 9A ). After EGTA-AM treatments, double mutant synapses behaved like the overall rate of blockade changed in the presence of APV, again there was no difference between neurons SV2B-deficient synapses, which are indistinguishable from wild-type synapses (see Figure 6C) , and whose that are only deficient in SV2B and neurons that lack invertebrates, suggesting that they constitute an evolutionary innovation of synaptic vesicle traffic which (see Figure 8) , other mechanisms could inhibit release, for example by increasing the number of presynaptically emerged with the vertebrates (Janz et al., 1998). Although SV2s are therefore not core components of the silent synapses. Note that whereas the last hypothesis involves an EGTA-dependent change in the release prosynaptic neurotransmitter release machinery, their regulatory actions are clearly essential at least for the more cess to the first pulse of the stimulus train, the first two hypotheses require that the SV2 mutation affects release complex vertebrate nervous systems.
In the hippocampal cultures, we only observed an to the subsequent pulses.
To differentiate between these two scenarios, we electrophysiological phenotype when both SV2A and SV2B were deleted. This finding demonstrates that SV2A measured the effect of EGTA-AM on the relative amplitude of EPSCs. For this purpose, EPSCs were first reand SV2B are functionally redundant, and agrees well with the fact that the hippocampal neurons express both corded from SV2B single and SV2A/SV2B double knockout neurons, the perfusion was switched to a solution SV2A and SV2B but not SV2C. In contrast, deletion of SV2A alone was lethal in mice while deletion of SV2B containing 0.1 mM EGTA-AM, and after 5 min the recordings were continued in the presence of EGTA-AM had no effect, and deletion of both SV2A and SV2B was no more deleterious than deletion of SV2A alone. (Figure 10) Ϫ50 mV) . The decay time and the reversal potential were thus used routinely as criteria offspring was bred against C57Black6 mice, and germline transmission of the knockout allele was monitored by coat color and PCR for selecting the inhibitory autaptic islands. Experiments were performed at room temperature. analysis using primers A1, A2, and N for SV2A, and primers B1, B2, and N for SV2B (sequences: A1: ACACGGGAGCGTCTAGAGACC AGGA, A2: GCGGCAGAAGAGAAAGGTTCCATAA, N: GAGCGCGC
